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ABSTRACT 
To determine the ultrastructural  and biochemical bases for flagellar adhesiveness 
in  the  mating  reaction  in  Chlamydomonas, gametic  and  vegetative flagella  and 
flagellar  membranes  were  studied  by  use  of electron  microscope  and  electro- 
phoretic  procedures.  Negative  staining  with  uranyl  acetate  revealed  no  differ- 
ences in gametic and vegetative flageilar surfaces; both had flagellar membranes, 
flagellar sheaths, and similar numbers and distributions of mastigonemes. Freeze- 
cleave  procedures  suggested  that  there  may  be  a  greater  density  of intramem- 
branous  particles  on the  B  faces of gametic  flagellar membranes than  on the  B 
faces of vegetative flagellar membranes. 
Gamone,  the  adhesive  material  that  gametes  release  into  their  medium,  was 
demonstrated,  on  the  basis  of ultrastructural  and  biochemical  analyses,  to  be 
composed  of flagellar  surface  components,  i.e.,  membrane  vesicles  and  masti- 
gonemes.  Comparison  of  vegetative  (nonadhesive)  and  gametic  (adhesive) 
"gamones" by use of SDS polyacrylamide gel electrophoresis showed both prep- 
arations to be composed of membrane, mastigoneme, and some microtubule pro- 
teins,  as  well  as  several  unidentified  protein  and  carbohydrate-staining  compo- 
nents.  However, there was an additional protein of approximately 70,000 tool wt 
in  gametic  gamone  which was not present  in  vegetative gamone.  When gametic 
gamone  was  separated  into  a  membrane  and  a  mastigoneme  fraction  on  CsCi 
gradients,  only the  membrane  fraction  had  isoagglutinating  activity; the  masti- 
goneme  fraction  was inactive,  suggesting that  mastigonemes  are not  involved in 
adhesion. 
Specific cell adhesion in eucaryotes is a  critically 
important cell surface process involved in gamete 
adhesion  during  fertilization  (15,  24,  30)  and 
possibly  in  morphogenesis  (56).  A  variety  of 
systems  have  been  used  to  study  specific  cell 
adhesion:  mating  in  Chlamydomonas (23,  59); 
conjugation in the ciliated protozoa Tetrahymena 
and  Paramecium (29);  yeast  mating  (7,  54,  62); 
slime mold aggregation (3,  37);  sponge cell reag- 
gregation (17,  33, 60) amphibian (55),  chick, and 
mouse embryo cell reaggregation (32,  34,  38, 46, 
51,  52,  56);  and  sperm  and egg interactions (15, 
24,  30).  However, in  only a  few  of these systems 
have  the  molecules  responsible for  the  adhesion 
48  THE JOURNAL OF CELL BIOLOGY  .  VOLUME 68, 1976 ￿9  pages 48-69 been  characterized  or  isolated  (1,  3,  7,  16,  26, 
37,  54,  62). 
The  sex-specific  flagellar  adhesion  responsible 
for gametic cell agglutination  in  the  mating reac- 
tion of the biflagellate green alga Chlamydomonas 
reinhardtii  involves  specific  cell  adhesion  and 
offers a  number of advantages as a  system for the 
study  of  cell  recognition  (6,  23,  59).  Flagellar 
adhesion,  which  serves to bring  the cell bodies of 
gametes  into  close  enough  contact  to  permit  cell 
fusion,  is  an  easily controlled,  specifically adher- 
ing,  differentiating  system.  Differentiation  from 
the  nonadhesive  to  the  adhesive  state  is  brought 
about by the removal of nitrogen from the medium 
(4,  20,  21,  41),  thereby  permitting  studies  on  the 
development of adhesiveness.  Moreover, since the 
adhesive  gametic  flagella  become  nonadhesive 
when  the  gametes  fuse  to  form  a  zygote (58)  or 
when  the  cells  are  re-fed  nitrogen  (20,  41),  the 
dedifferentiation  or  loss  of adhesiveness  can  also 
be  studied.  Additional  advantages  of  studying 
flagellar adhesion  in  Chlamydomonas are that the 
cells can be cultured easily in large quantities, their 
division  can  be synchronized,  and  they have been 
the subject of a considerable number of biochemi- 
cal  (19,  20,  22,  53),  ultrastructural  (18,  35,  42), 
and  genetic  studies  (4,  22,  40).  Mating  type  in- 
heritance  has  been  shown  to  follow simple  Men- 
delian  patterns  (10,  47)  and,  since  the  cells exist 
in  the  haploid  state  during  most  of  their  life 
cycle,  mutants  are  easily  induced  and  analyzed. 
In  addition,  flagellar  membrane  isolation  tech- 
niques  are  available  (61)  and  they  should  permit 
studies  on  the chemical dissection  of the flagellar 
surface,  the  part  of  the  organelle  which  is 
directly involved in adhesion. 
Earlier investigations of this mating system have 
shown  that  gametes  release  into  their  medium  a 
substance  called gamone which will cause gametes 
of the opposite mating type to clump or isoaggluti- 
hate (12,  58,  59).  Partial characterization  of gam- 
one  from  a  number  of  different  species  of 
Chlamydomonas  has  suggested  that  it  is  particu- 
late  or  vesicular with  a  mol  wt  of approximately 
100  x  106  daltons  (12)  and  contains  both  amino 
acids and  carbohydrates  (59).  Investigation of the 
effects  of  various  enzymes  on  the  adhesion  of 
gametes  of C.  reinhardtii  have  revealed that  pro- 
teases--trypsin,  subtilisin,  pronase--destroy  the 
agglutination,  whereas glycosidases,  such  as man- 
nosidase,  galactosidase  and  neuraminidase,  have 
no effect (59). 
The present  study  was  initiated  to further char- 
acterize the surface moieties responsible for flagel- 
lar  adhesion.  In  this  report,  electrophoretic  and 
electron  microscope  studies  are  presented  which 
show that  gamone, the adhesive material found in 
gamete  medium,  is  composed  of  many  different 
proteins  and  glycoproteins,  several  of  which  arc 
identical  to  flagellar  surface  constituents.  More- 
over,  although  negative  staining  indicates  that 
there  are  no differences  in  the surface  ultrastruc- 
ture  of  gametic  (adhesive)  and  vegetative  (non- 
adhesive)  flagellar  membranes,  freeze-cleave 
techniques suggest that there may be differences in 
the density  of intramembranous  particles in these 
two types of flagella. A  preliminary  report of this 
research  was  presented  at  the  thirteenth  Annual 
Meeting of the American Society for Cell Biology 
(50); since then similar results have been presented 
by others (2,  28). 
MATERIALS  AND  METHODS 
Cultures 
Stock  cultures  of strains  21gr  (+  mating  type) and 
6145c (- mating type) ofC. reinhardtii  1  were maintained 
axenically on 1.5% agar slants supplemented  with 2 g per 
liter of sodium  acetate and 4 g per liter of yeast extract in 
Medium  I  of Sager and  Granick  (41) at  15~  Liquid 
cultures were inoculated from the agar stocks and were 
grown  axenically  in  250-ml  flasks  or  5-liter diptheria 
toxin  bottles in Medium 1 of Sager and Granick supple- 
mented with 3 g per liter of sodium acetate and five times 
the amount of phosphate buffer ("R" medium).  Cultures 
were grown at 26~  with continuous aeration on a cycle 
of 13 h of light and  I 1 h of dark. Under these conditions 
the cells reproduced vegetatively (asexually)  and divided 
synchronously  during the dark part of the cycle to yield 
two-eight daughter cells from each parent cell (20, 61). 
Harvesting of Cells 
The  cells  were  harvested  from  100-ml  cultures  b,( 
centrifugation  at  1,000  g  (2,200  rpm,  International 
Equipment  Co.,  IEC,  Needham  Heights,  Mass.  cen- 
trifuge PR-6, rotor no.  253) for 4 min at 25~  in 50-ml 
conical  polycarbonate  centrifuge  tubes.  A  DeLaval 
cream separator (model  no.  104, Cow-to-Can, DeLaval 
Separator Co.,  Poughkeepsie,  N.  Y.)  was  used  to har- 
vest  cells  from large (4-16 liter) cultures grown  in the 
diphtheria  toxin  bottles.  The  concentrated  cells  were 
washed  out of the cream separator and concentrated by 
centrifugation  at  1,000 g  (2,200  rpm,  IEC  PR-6  cen- 
trifuge,  rotor  no.  254) for 6-8  min  at  25~  in  250-ml 
round-bottomed polycarbonate bottles. 
I Originally  obtained  from  Dr.  Ruth  Sager,  Hunter 
College, New York. 
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To form gametes, the cells were grown vegetatively in 
R  medium to  a  density of  1-2  ￿  106 cells per  ml and, 
after 6  h  in the light part  of their cycle, were placed  in 
nitrogen-free medium (21). To do this, 100-ml cultures of 
cells  were  harvested  in  the  1EC  centrifuge  as  above, 
resuspended in 100 ml of Medium I of Sager and Granick 
at pH 7.6 with NH,NOa omitted (M-N), and centrifuged 
again  as  above.  These  washed  cells  were  then  resus- 
pended in 100 ml of fresh M-N and placed in continuous 
light for 15-18 h with aeration at 26~  during which time 
the  cells  differentiated  into  gametes  (21).  A  similar 
procedure  was  used  for  larger  volumes  of  cells  (4-16 
liters)  except  that  the  cells  were  first  collected  in  the 
cream separator.  They were then washed with  1 liter of 
M-N  Medium, resuspended in  a  volume of fresh  M-N 
equivalent to the original culture volume, and placed in 
continuous light for  15-18  h  with aeration. 
Isolation of Flagella 
The sucrose-pH shock method of Witman et al. (61) 
was  used  to  isolate  flagella  from  both  gametes  and 
vegetative cells. 4-16 liters of cells were harvested from 
their medium as described above, resuspended in  10 mM 
Tris buffer, pH 7.8 at 25~  (TB) and centrifuged at 1,100 
g  (2,500 rpm,  IEC  PR-6,  rotor no. 284) for 6-8 min at 
25~  in  250-ml  round-bottomed  centrifuge tubes.  The 
cells were resuspended in 100-200 ml of 7% sucrose in TB 
at  2-4~  All  subsequent  steps  were  carried  out  at 
2-4~  The  suspension  was  vigorously  stirred  with  a 
magnetic stirrer and the pH rapidly lowered to 4.5 with 
0.5  N  acetic  acid.  After  30-90  s,  deflagellation  was 
95-100%  complete  as  determined  by  phase-contrast 
microscopy, and the pH was quickly raised to 7.5 by the 
addition of 0.5 N  KOH. 15-ml aliquots of the suspension 
of ceils and flagella were under laid with 20 ml of 25% 
sucrose in TB in 50-ml conical polycarbonate centrifuge 
tubes and centrifuged at 2,000 g  (3,100 rpm,  IEC PR-6 
centrifuge, rotor no. 253) for  11 min. This centrifugation 
sedimented the cell bodies to the bottom of the tubes and 
left  the  flagella  in  the  7%  sucrose-TB  layer.  The  7% 
sucrose-TB layer was withdrawn  by aspiration down to 
and  including the interface; 20-ml aliquots were  under- 
laid  with  4  ml  of  25%  sucrose-TB and  centrifuged  at 
1,800 g  (2,900 rpm, IEC PR-6 centrifuge, rotor no. 253) 
for  9  min  to  remove  any  remaining  cell  bodies.  The 
supernate  containing  the  detached  flagella  was  cen- 
trifuged at  27,000 g  (16,000  rpm, Sorvall  RC-2 centri- 
fuge,  rotor  no.  SS-J4  Dupont  Instruments,  Sorvall 
Operations,  Newtown,  Conn.)  for  20  min  in  50-ml 
round-bottomed polycarbonate  centrifuge tubes to har- 
vest the flagella. 
Collection of Fiagellar Membrane 
Preparations with Isoagglutinating Activity 
Flagella from 4-16 liters of gametes were isolated as 
described and resuspended in 20-30 ml of 7% sucrose-TB 
at 4~  all subsequent steps were carried out at 4~  The 
suspension of flagella  was  shaken overnight in  a  50-ml 
round-bottomed  polycarbonate  centrifuge  tube  on  a 
Super-mixer (Lab-line Instruments, Inc., Melrose Park, 
I11.) at  one-third  speed  to  release  membranes from the 
axonemes. 15-ml aliquots were layered over 15 ml of 40% 
sucrose-TB  in  50-ml  round-bottomed  centrifuge  tubes 
and  centrifuged  at  10,000 g  (9,000  rpm,  Sorvall  RC-2 
centrifuge, swinging bucket  rotor  no.  HB-4)  for  I  h  to 
sediment axonemes and  whole  flagella.  The  supernate 
above  the  interface,-containing  membranes,  was  with- 
drawn  (being careful to  leave all of the material  at  the 
interface, as it contained some intact flagella), diluted 1:1 
with  TB  and  centrifuged  at  130,000  g  (45,000  rpm, 
Spinco, L-2-65B centrifuge, rotor no. 50Ti) for 90 min to 
sediment the membranes. These were  then  resuspended 
in TB. 
Light Microscopy 
Mating  cells  were  fixed  with  2%  glutaraldehyde  in 
M-N and photographed with a Zeiss-Nomarski differen- 
tial  interference microscope on  high contrast copy film 
(Eastman Kodak Co., Rochester, N. Y.) which was then 
developed in H  &  W  developer. 
Electron Microscopy 
NEGATIVE  STAINING  WITH 
URANYL  ACETATE 
FLAGELLA  AND  FLAGELLAR  FRACTIONS:  A 
drop of the suspension to be examined was placed  on a 
carbon-over-Formvar-coated  copper  grid  (Belden  Mfg. 
Co.,  S.  Kilpatrick,  Ill.).  After 5-30 s the grid was held 
at a  slight angle and washed with three drops of water, 
two drops of 0.02% cytochrome c in  1% n-amyl alcohol, 
and  three  drops  of  1%  uranyl  acetate  in  H20.  The 
uranyl  acetate  was  quickly  withdrawn  with  a  piece  of 
Whatman no.  1 filter paper,  leaving a  very thin film of 
the  stain  on  the grid,  and  the  grid  was  air  dried.  The 
grids  were  examined  in  a  Phillips  200  or  300  electron 
microscope. 
WHOLE  CELLS:  The  procedure  used  for  negative 
staining of flagellar fractions did not work satisfactorily 
for whole cells, the cells being either swept offthe grids or 
so heavily stained and clumped that all detail was lost. To 
stain whole cells a  drop of a  suspension of cells in their 
medium  was  placed  on  a  carbon-over-Formvar-coated 
copper grid with a  pasteur pipette; after 30-60 s, almost 
all of the drop  was removed from above with a  pasteur 
pipette  and  a  drop  of water  was carefully  added  from 
above using a pipette, making sure not to let the drop fall 
from the grid; the water was immediately removed from 
the above with a  pipette,  leaving a  film of water on the 
grid. A drop of I% uranyl acetate was then placed on the 
grid and was very quickly and thoroughly removed from 
the side with a  piece of Whatman no.  1 filter paper. 
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A drop of the material to be examined was placed on a 
carbon-over-Formvar-coated copper grid for 5-30 s and 
was withdrawn  almost completely with a  piece of filter 
paper.  A  drop  of 0.02%  cytochrome  c  in  1%  n-amyl 
alcohol was added to the thin film remaining on the grid 
and quickly removed with a  piece of filter paper, leaving 
a  thin film of liquid. To this was added one drop of 4% 
PTA  in  0.4%  sucrose  (pH  7.0  with  KOH)  which  was 
immediately withdrawn to dryness. 
FREEZE  CLEAVING  OF  FLAGELLA 
Flagella  isolated  according  to  the  sucrose-pH  shock 
method  were  fixed  with  1.5%  glutaraldehyde  in  7% 
sucrose-TB for  15 min at 4~  diluted  1:1  with TB and 
centrifuged for  15 min at 27,000 g  (15,000 rpm, Sorvall 
RC-2, rotor no. SS  34) at 4~  for 20 min. The flagella 
were  resuspended in 20% glycerol at  25~  for  ~2  -  I  h, 
placed on gold grids (Balzers High Vacuum Corp., Santa 
Anna, Calif.) and frozen in Liquid Freon 22 (E. I. duPont 
de  Nemours &  Co.,  Inc.,  Wilmington, Del.) cooled  by 
liquid  nitrogen.  The  specimens were  freeze-cleaved  at 
-  115~  at 2 x  10  6 torr, and immediately after cleaving 
they  were  shadowed  with  platinum-carbon  from  a  45 ~ 
angle and then with a carbon electrode from a 90 ~ angle 
in  a  Balzers  Freeze-etch  apparatus (Balzers  High  Vac- 
uum  Corp.)  according  to  the  method  of  Moore  and 
MUhlethaler  (31).  The  specimens  were  digested  away 
from  the  replicas  by  floating them onto  100%  Chlorox 
and incubating them in the Chlorox at 25~  for 24-48 h. 
They  were  then  moved  into  50%  Chlorox  for  1  2  h, 
distilled  water  for  30  min,  acetone  for  30  min  (the 
acetone step suggested by Dr. J.  Hogan helps to remove 
any foreign material from the replicas), and finally water 
again  for  5  15  rain.  The  replicas  were  then picked  up 
with uncoated 200-mesh copper grids and examined in a 
Philips 300 electron microscope. 
Gel Electrophoresis 
The  proteins  of flagella  or  flagellar  membrane frac- 
tions  were  analyzed  on  3%  gels  with  sodium  dodecyl 
sulfate  (SDS)  polyacrylamide  gel  electrophoresis 
(PAGE) according to the method of Fairbanks et al. ( I I). 
After dialysis against distilled water and lyophilization, 
the samples were taken up in  1% SDS,  1 mM EDTA, 40 
mM  dithiothreitol  (DTT),  10  mM  Tris,  pH  8.0  and 
immediately heated in a  boiling water bath for 2-5 min. 
The proteins were then separated by electrophoresis on 6 
x  170-mm gels run at 6-8  mA per gel. The amount of 
protein  layered on  a  gel varied from 40 to  150 #g. The 
gels were stained for proteins overnight in 50 ml per gel 
of 0.1%  Coomassie  brilliant  blue  in  25%  isopropanol, 
10%  acetic  acid.  Destaining was carried  out  in  0.005% 
Coomassie brilliant blue in  10% isopropanol,  10% acetic 
acid for 6  8 h, followed by  10% acetic acid to complete 
the destaining. 
To  determine  whether  the  proteins  revealed  by  the 
Coomassie brilliant blue had any carbohydrate constitu- 
ents, gels identical to those stained with Coomassie blue 
were  stained  using the  periodic-acid-Schiff method de- 
scribed  by  Fairbanks  et  al.  (I 1).  The gels were  photo- 
graphed  on  a  Polaroid  MP-4 camera (Kodak)  with  55 
PN  film  using yellow  [O(G)]  and green  [G(XI)]  Hoya 
filters. 
Isolation of Isoagglutinating Material 
(Gamone) from the Medium of Gametes 
A  modification  of previously published methods was 
used to collect isoagglutinating material (gamone) from 
gametic  cell  medium  (57).  Gametes  were  induced  as 
described  above  except  that  the cells  were  placed  in  a 
volume  of  M-N  equal  to  one-half  the  volume  of  R 
medium in  which they were grown.  18 h  after the cells 
were placed in M-N they were harvested with the cream 
separator  and  the  culture  medium  was  centrifuged  at 
1,300 g  (2,500 rpm, IEC PR-6 centrifuge, rotor no. 253) 
for  6  min  at  25~  in  50-ml  conical  polycarbonate 
centrifuge  tubes  to  sediment  any  remaining  cells.  The 
supernate was removed by aspiration and centrifuged at 
18,000 g ( 13,000 rpm, Sorvall RC-2 centrifuge, rotor no. 
SS  34)  at  4~  for  1  h  in  50-ml  round-bottomed 
polycarbonate  centrifuge tubes.  The  upper  90%  of this 
supernate was collected by aspiration and centrifuged at 
75,200 g  (31,000  rpm,  Spinco  L2-65B centrifuge,  rotor 
no.  35)  at  4~  for  90  min.  The  pellets  from  this 
centrifugation  were  resuspended  in  10  ml  of  M-N, 
filtered  through  a  0.45  ~m  Millipore  filter  and  cen- 
trifuged at  133,600 g (45,000 rpm, Spinco L2-65B, rotor 
no. 50 Ti) at 4~  for 1 h. The material sedimented by this 
centrifugation was resuspended in M-N and is referred to 
as gamone: 
Collection of Vegetative "Gamone" 
Cells were grown in R  medium to a density of 1-2  x 
106 cells per ml, harvested, washed once with R  medium 
and  resuspended  in  R  medium.  18  h  later,  vegetative 
"gamone"  was  collected  from  the culture  medium ex- 
actly as described above for gametic gamone. 
Determination  of Protein Concentration 
Proteins  were  determined  by  the  Schacterle  and 
Pollack  (44)  modification  of  Lowry  et  al.  (25)  using 
bovine serum albumin as a  standard. 
Determination  of Cell Density 
Chlamydomonas were  fixed in  Lugol's iodine and were 
counted  in  a  Levy  hemocytometer (Clay  Adams).  At 
least 600 cells were counted for each density determina- 
tion. 
Visual Assay for Adhesion 
To determine the mating ability of cells, 0.5 ml of (+) 
gametes  were  mixed  with  an  equal  volume  of  (-) 
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clumping (agglutination) was immediately assessed in a 
Zeiss phase-contrast microscope. To determine the abil- 
ity of flagella or flagellar fractions to cause clumping 
(isoagglutination) of cells of the opposite mating type, 
the fraction to be tested was added to cells of the opposite 
mating type and the amount of clumping was assessed by 
phase-contrast  microscopy. The  flagella or  flagellar 
fractions were also mixed with gametes of the  same 
mating  type as  a  control  to  detect any  nonspecific 
clumping which may have occurred. 
RESULTS 
I. Description  of the Mating Process 
The  cell  body  of  C.  reinhardtii (Fig.  1)  is 
approximately  10 #m long and is covered with a 
thin glycoprotein cell  wall  (9).  The  flagella,  the 
organelles  responsible  for  motility  and  for  the 
initial adhesion during mating, are approximately 
12-14 #m long and are covered with thin, hairlike 
structures  called  mastigonemes  (35)  which  are 
approximately  I  #m  long and  16  nm wide.  The 
flagella are enclosed by a plasma membrane and, 
just outside of the membrane, by a flagellar sheath 
(Fig.  2)  (35,  61}. The flagellar axoneme is com- 
posed  of  microtubules  arranged  in  the  9  +  2 
pattern typical of most eucaryotic cilia and flagella 
(Fig. 2). 
After the cells undergo gametogenesis, which is 
brought about by resuspending vegetatively grow- 
ing  cells  in  N-free  medium,  the  flagella  of  the 
resulting gametes are specifically adhesive (Fig. 3). 
If (+)  gametes  are  mixed with  (-)  gametes the 
flagella of the two cell types stick together, form- 
ing large clumps of ceils (Fig. 4  a).  During this 
stage  of  the  mating  process,  a  cell  wall  lysin, 
liberated into the medium, brings about release of 
the cell  walls (5, 49).  This must occur before cell 
fusion takes place. Immediately after the release of 
the cell walls the flagellar collars (35,  36) slip off 
the flagella and are also released into the medium.  2 
Eventually, pairs  of  cells  break  away  from  the 
large clumps of cells (Fig. 4 b) and, within 2-3 rain, 
the  pairs  fuse  to  form  quadriflagellated zygotes 
(Fig. 4 c). The flagella, which  seconds before had 
been highly adhesive, lose  their adhesiveness, the 
flagellar beat  becomes coordinated (13),  and the 
zygote is motile. At some time during or after the 
cell  wall  is  released  the  fertilization  tubule  is 
formed  (Fig.  5)  on  (+)  gametes,  establishing 
2Snell, W. J.  1975. Isolation of flagellar collars from 
Chlamydomonas. Manuscript in preparation. 
cytoplasmic continuity between the  two  gametes 
(13).  It is not clear whether the fertilization tubule 
is  fully  formed  before  the  cell  wall  is  lost  or 
whether it attains its full length only after the cell 
wall  is  removed.  Further study  of the  timing of 
fertilization tubule formation should be simplified 
by use of the  whole cell  negative-staining proce- 
dures reported here. 
II. Comparison of Surface Ultrastructure 
oJ Vegetative  and Gametic Flagella 
To determine if there is an ultrastructural basis 
for  the  adhesiveness of the  gametic flagella, the 
surface of nonadhesive flagella from (+) vegetative 
cells  was  compared  to  that  of adhesive  flagella 
from (+) gametic cells by use of negative-stain and 
freeze-cleave techniques. 
NEGATIVE  STAINING  OF  VEGETATIVE 
AND  GAMETIC  FLAGELLA"  Attempts  to  use 
PTA  as  a  negative strain  for  whole  cells or  iso- 
lated  flagella  led  to  immediate  vesiculation  of 
the  flagellar membrane and apparent loss of the 
mastigonemes  from  the  flagella.  For  these  rea- 
sons uranyl acetate  was used as a  negative stain 
to visualize the  flagella of whole cells.  Examina- 
tion  of  electron  micrographs  of  flagella  of  (+) 
vegetative (nonadhesive) (Fig. 6) and (+) gametic 
(adhesive) (Fig. 7)  cells  showed  no differences in 
the  number,  arrangement,  or  distribution  of 
mastigonemes  along  the  surface  of the  flagella. 
The  flagellar membrane and sheath  appeared  to 
be  the  same  in  both  (+)  vegetative  and  (+) 
gametic cells  and no structures were apparent on 
(+) gametic flagella that were not found on (+) 
vegetative flagella. Similar results were  found for 
(-) gametic and ( - ) vegetative flagella. Therefore, 
when examined by use of uranyl acetate negative 
staining, all four types of flagella were ultrastruc- 
turally indistinguishable. 
FREEZE  CLEAVING  OF  VEGETATIVE 
AND  GAMETIC  FLAGELLA:  Preliminary  ex- 
amination of freeze-cleaved flagellar membranes 
revealed  many  similarities  between  the  vegeta- 
tive  and  gametic  membranes and  possibly some 
differences.  Both  types of flagella had  numerous 
intramembranous particles  arranged  at  random 
on the  A-face (outer aspect  of the  inner half) of 
the cleaved membranes (Fig. 8 and 9). There was 
no  apparent  particle  alignment  associated  with 
the  development  of  adhesiveness.  On  the  other 
hand, the  B faces (inner aspect of the outer half) 
52  THE JOURNAL OF CELL BIOLOGY '  VOLUME 68, 1976 FIGURE  1  Electron  micrograph  of  Chlamydomonas  negatively  stained  with  uranyi  acetate.  The 
mastigonemes extend laterally from the flagella.  ￿  10,000. 
W. J. SNELL  Mating in Chlamydomonas. 1  53 FIGURE  2  Chlamydomonas flagellar cross section showing the  flagellar  sheath (FS)  and  the flagellar 
membrane (MB) enclosing the 9  +  2 microtubular axoneme.  ￿  400,000. 
(+) VEGETATIVE  CELLS  (--)VEGETATIVE  CELLS 
REMOVE  GAMETES  AND  CENTRIFUGE  ~EDIUM 
TO  OBTAIN 
"GAMONE" 
FIGURE  3 
tion. 
z  NO  AGGLUTINATION 
~---  AGGLUTINATION 
ZYGOTES 
Diagrammatic  outline of Chtamydomonas gametogenesis, agglutination, and zygote forma- 
54  THE  JOURNAL OF  CELL  BIOLOGY  - VOLUME 68,  1976 FIGURE  4  Nomarski  micrographs  of  three  stages  in  the  mating  process  in  Chlamydomonas.  (a) 
Immediately  after being mixed,  gametes  of the two  mating types  adhere primarily at  the tips of their 
flagella, forming large clumps of cells.  (b) A pair of gametes in the initial stages of zygote formation. (c) 
Quadriflagellated  zygote immediately after gametic fusion; the flagella are no longer adherent to each 
other.  ￿  2,500. 
W. J. SNELL  Mating in Chlamydomonas.  1  55 FIGURE 5  Electron  micrograph of a (+) gamete negatively stained with aranyl acetate. The fertilization 
tubule emerges from the apical portion of the cell body between the two flagella. ￿  50,500. 
of gametic  membranes (Fig.  9)  seemed  to  have 
many  more  particles  than  the  corresponding  B 
faces  of the  vegetative flagellar membranes (Fig. 
8). At this time, this difference is based on quali- 
tative observations, and  a  more detailed quanti- 
tative analysis of particle size  and density on the 
A  and  B  faces  of both  types  of flageltar mem- 
branes is in progress. 
Some exceptions to the random arrangement of 
particles  were  found  in  both  vegetative  and  ga- 
metic flagellar membranes. A  few of the flagella 
had particles aligned in rows on both the A and B 
faces of the membranes. In the flagellum shown in 
Fig.  10 there are three rows on the B face and one 
row  on  the  A  face,  although  the  A  face  has 
numerous  particles  in  a  random  arrangement. 
These rows of particles may represent attachment 
sites  between  the  membrane and  the  underlying 
microtubules  or  they  may  be  a  reflection  of 
attachment points for mastigonemes. Similar rows 
of particles have been observed on freeze-cleaved 
oral cilia membranes of Tetrahymena pyriformis 
(43). 
Another feature that was apparent on the flagel- 
lar  membranes  of  both  gametic  and  vegetative 
Chlamydomonas were  the  rows  of particles that 
surrounded  the  flagellum  approximately  270  A 
away  from  the  outer  surface  of  the  flagellar 
membrane (Figs. 8 and 9).  These particles might 
represent some aspect of the mastigonemes or they 
may be related to the extramembranous flagellar 
sheath.  Sattler and  Staehelin (43)  have observed 
similar rows  of particles associated with the sur- 
face of the oral cilia of Tetrahyrnena which, in thin 
section, have short bristles protruding from their 
surface. 
56  THE  JOURNAL  OF  CELL  BIOLOGY  -  VOLUME 68,  1976 FIGURE 6  Electron micrograph of flagellum of (+) vegetative cell negatively stained  with uranyl acetate 
showing  the mastigonemes and the flagellar sheath.  ￿  41,000. 
FIGURE 7  Electron micrograph of flagellum of(+) gametic cell negatively stained  with uranyl acetate. In 
such  negatively  stained  preparations  (Figs.  6  and  7)  (+)  vegetative (nonadhesive)  and  (+)  gametic 
(adhesive)  flagella are indistinguishable.  ￿  43,000. THE  JOURNAL  OF  CELL  BIOLOGY  .  VOLUME 68,  1976 FIGURE 10  Electron  micrograph  of  freeze-cleaved  (+)  vegetative  flagellum  showing  three  rows  of 
particles on the B face  and  1 row on the A face.  ￿  83,000. 
IlL Isolation of Flagellar Membrane 
Preparations  with  Isoagglutinating  Activity 
Various methods were used in attempt to isolate 
flagellar  membranes  with  the  adhesive  properties 
of the  intact,  isolated  flagella.  Witman  et al.  (61) 
reported  that  Chylamydomonas  flagellar  mem- 
branes  could  be  isolated  by  treating  isolated  fla- 
gella  with  the  detergent  Sarkosyl  or  by  dialyzing 
the  flagella  against  Tris-EDTA.  However,  mem- 
branes  isolated  from  gametic  flagella using  these 
procedures  had  no  isoagglutinating  activity. 
A  method  based  on  the  application  of  shear 
forces  to  isolated  flagella yielded preparations  of 
flagellar  membrane  vesicles (Fig.  11  a)  that  had 
isoagglutinating activity. These membrane vesicles 
were not smooth but  were covered with a material 
that  appeared  to be similar to the flagellar sheath 
FIGURE  8  Electron micrograph of freeze-cleaved (+) vegetative (nonadhesive)  flagellum.  On the A (A) 
face (outer aspect of the inner half) of the flagellar membrane numerous particles are arranged randomly; 
on the B (B) face (inner aspect of the outer half) of the membrane there are very few particles.  Rows of 
particles are apparent on the outer surface of the flagellar membrane,  x  62,000. 
FIGURE 9  Electron micrograph of freeze-cleaved  (+) gametic flagellum.  Both the A and the B (A, B) faces 
of gametic flagellar membranes have numerous particles arranged  randomly; the B face appears to have 
fewer particles than the A face.  x  53,000. 
W. J, SNELL  Mating  in Chlamydomonas. 1  59 FIGURE  I 1  Membranes purified  from isolated  (+) gametic flagella.  (a) Negatively  stained with uranyl 
acetate;  the vesicles, many of which have a "fuzzy coat", range in size from 35 to 250 nm. Mastigonemes 
cannot  be  observed  by  this  staining procedure.  ￿  24,000.  (b)  PTA  staining of the  same  membrane 
preparation; many mastigonemes which are not revealed by uranyl acetate negative staining now can be 
seen.  Some  membrane vesicles appear  to'have  several  attached  mastigonemes (arrow).  ￿  22,000. (c) 
Coomassie  blue-stained  SDS  polyacrylamide gel  of  this  membrane  preparation  showing  the  major 
membrane band (rob) and two other minor bands. The lowest band (ms) in this membrane preparation is 
shown to represent mastigoneme protein by comparison to a gel of isolated  purified  mastigonemes (61) 
shown in (d). The band between the mb and ms bands is unidentified (see footnote 4). 
material seen on negatively stained whole flagella 
(see Figs. 6 and 7). In addition to the vesicles, these 
membrane preparations also contained a  substan- 
tial number of mastigonemes (Fig.  11  b). 
I V. Electrophoretic Analysis of Flagellar 
Membrane Preparations 
SDS PAGE of the adhesive flagellar membrane 
preparations  revealed  one  major  protein  staining 
band  which  presumably  represents  the  major 
membrane protein  (Fig.  11  c  and  Witman et  al. 
(61),  and  one  or  two  minor  bands.  The  most 
rapidly migrating minor protein was determined to 
be mastigoneme protein by comparison to gels of 
isolated, purified mastigonemes (Fig.  11  d). 
V. Isolation of lsoagglutinating Material 
(gamone) from  the Cell Culture Medium 
It has been known for some time that gametes 
release a  material into their medium, called gam- 
one, that causes cells of the opposite mating type 
to  isoagglutinate  (12).  A  modification  of  previ- 
ously published methods  (57) was  used  to collect 
this isoagglutinating material from the medium of 
gametes,  it  was  shown  to  be  active  in  causing 
isoagglutination of gametes of the opposite mating 
type,  but  had  no effect  on  gametes  of the  same 
mating type or on vegetative cells of either mating 
type. Examination of (+) gametic gamone, stained 
with uranyl acetate  (Fig.  12 a) and PTA (Fig.  12 
60  THE  JOURNAL OF  CELL  BIOLOGY  .  VOLUME  68,  1976 FIGURE 12  Isolated (+) gametic gamone. (a) Negative  staining with uranyl acetate (UA) shows gamone 
to be composed  of membrane vesicles and some particulate material. The vesicles are similar to those seen 
in isolated flagellar membrane preparations (see Fig. 11 a). x  30,000. (b) Negative staining of gamone with 
PTA reveals  numerous mastigonemes in the gamone which are not revealed  by uranyl acetate negative 
staining (see footnote 3).  x  30,000. 
b)  s,  revealed  it  to  be  composed  of  membrane 
vesicles, mastigonemes, and some particulate ma- 
terial.  The  membrane vesicles and mastigonemes 
of the gamone preparation were  indistinguishable 
from those of the membrane preparations obtained 
from  the  isolated  flagella  described  above  and 
similarly stained (compare  Figs.  II  and  12). This 
ultrastructural  similarity,  along  with  electropho- 
retic evidence presented  below (Section VI), sug- 
gests that  gamone is identical to  flagellar surface 
constituents.  Material  isolated  from  vegetative 
cell  medium  by  the  same  procedures  (Fig.  13) 
appeared  similar to  gamone  in that  it  was  com- 
s Although  uranyi acetate  effectively  reveals  the  mor- 
phology of whole flagella (Figs. 6 and 7) and membrane 
vesicles  (Figs.  I1  a  and  12  a),  it  is  apparent  from  a 
comparison of Fig.  11 a,  11 b and 12 a,  12 b that PTA 
staining  is  necessary  to  reveal  the  presence  of  mas- 
tigonemes in flagellar surface  preparations. 
posed  of  membrane  vesicles,  mastigonemes  and 
some  particulate  material;  however,  it  was  not 
active  in  causing  isoagglutination.  For  conveni- 
ence  it  is  called  vegetative  "gamone",  even 
though it was not adhesive. 
VI. Eiectrophoretic Analysis of Vegetative 
and Gametic Gamone 
(d-)  CELL  GAMONE:  Gamone  from  (+) 
gametes  was  subjected  to  SDS  PAGE  and 
stained for protein with Coomassie  brilliant blue. 
There was one major protein-staining band in the 
gamone  (Fig.  14  GAM),  and  this  band  corres- 
ponded  to  the  major  membrane  protein  band 
seen  on  SDS  gels  of  flageilar  membranes  (Fig. 
14  MB).  Bands  corresponding  to  mastigoneme 
protein  (Fig.  14  MS)  and  microtubule  protein 
(Fig.  14 AX) were also seen in the gamone prep- 
aration;  however,  the  unidentified  protein 
W. J. SNELL  Mating  in Chlamydomonas. I  61 vegetative  and  gametic]  were  electrophoretically 
identical.  There  was  some  variation  from  prepa- 
ration  to  preparation  in  the  relative  amounts  of 
several of the  unidentified  bands  on  the  gels. The 
broad  smear  migrating  ahead  of tubulin  (15+G, 
FIGURE  13  Electron  micrograph  of  (+)  vegetative 
gamone negatively  stained  with  PTA.  As with  gametic. 
gamone,  membrane  vesicles  and  mastigonemes  are 
present  in  this  material  isolated  from  the  medium  of 
vegetative cells,  x  36,000. 
migrating  somewhat  slower  than  microtubule 
protein,  band  U,  (approximately  70,000  daltons) 
was  especially  prominent  in  this  adhesive  Ram- 
one  preparation  from  (+)  gametes.  Plus  vegeta- 
tive gamone (Fig.  15+V) did not have this 70,000 
mol wt  band  although  it did  have all of the other 
bands  present  in  the  (+)  gametic  gamone  (Fig. 
15+G). 
(--)  CELL  GAMONE"  Gamone  from  (-) 
gametic  cells  and  gamone  from  (-)  vegetative 
cells  were  also  analyzed  electrophoretically. 
[Negative  staining  revealed  that  (-)  gamone 
from  both  vegetative  and  gametic  (-)  cells  was 
composed  of  membrane  vesicles,  mastigonemes 
and  some  particulate  material  similar  in  appear- 
ance  to  the  material  isolated  from  (+)  vegetative 
and  gametic  cell  media].  Both  the  vegetative 
(Fig.  15-V)  and  gametic  (Fig.  15-G)  (-) 
gamones  lacked  any  significant  amounts  of band 
U  which was present in (+) gametic gamone (Fig. 
15+G).  Therefore,  except  for  the  prominence  of 
band  U  in  (+)  gametic gamone,  all  four types of 
gamone  [(+)  vegetative  and  gametic  and  (-) 
FIGURE 14  Electrophoretic  analysis  of  (+)  gametic 
gamone (GAM) on SDS gels shows it to be composed of 
several proteins.  Gels of isolated (+) gametic flagellar 
membranes  (MB),  isolated  mastigonemes  (MS),  and 
flagellar axonemes (AX) are included  for identification 
of some of these proteins in the gamone (GAM) prepara- 
tion.  The  membrane  (rob),  mastigoneme  (ms),  and 
tubulin (tb) bands  are marked  in both the gamone and 
the  isolated  preparations  of these  organelles.  Band  U, 
with  a  mol  wt  of  approxima, tely  70,000  daltons,  is 
unique  to (+) gametic gamone and cannot be identified 
in  preparations  of  membranes  (MB),  mastigonemes 
(MS), or axonemes (AX). 
62  THE JOURNAL OF CELL BIOLOGY . VOLUME 68,  1976 FIGURE 15  Coomassie blue-stained  SDS  polyacryl- 
amide gels of  all  four types of gamone: (+) gametic 
(+G); (+) vegetative (+V); (-) gametic (-G); and (-) 
vegetative (-V). Only (+) gametic gamone (+G) con- 
tains substantial amounts of band U; the other major 
bands on the gels correspond to membrane protein (rnb), 
mastigoneme protein (ms), and tubulin (tb). The amount 
of tubulin in the  gamone preparations varied, and,  if 
only a small amount of tubulin was present, these long, 
3%  SDS  gels separated the  tubulin into  bands repre- 
senting tubulin 1 and tubulin 2 (61). The band between 
ms and mb ~ is unidentified, as are several other bands 
in these preparations of gamones. 
15-G)  was  especially  variable.  Band  U  was 
always prominent in (+) gametic gamone prepa- 
rations  and  usually  absent  in  the  three  other 
types of gamone, although occasionally a  faintly 
staining band could be seen in the 70,000  mol wt 
region of gels of (-) gametic gamone. 
Fig.  16  shows  gels  of  (+)  gametic  and  (+) 
vegetative gamones stained for proteins with Coo- 
massie brilliant blue and for carbohydrate with the 
PAS procedure. The membrane and mastigoneme 
bands and some of the other minor bands stained 
with PAS, suggesting the association of carbohy- 
drates with these proteins. Band U did not stain for 
carbohydrate nor did microtubule protein, suggest- 
ing the presence of little, if any, carbohydrate on 
these proteins. 
VII.  CsCI Density Gradient Fractionation 
of Gamone 
To  determine whether  flagellar membranes or 
mastigonemes  or  both  are  responsible  for  the 
adhesiveness of (+) gametic gamone, the gamone 
was  fractionated on CsCI density gradients. Ga- 
mone from (+) gametes was  resuspended in 2.80 
M CsCI in TB and centrifuged at 130,000 g (39,000 
rpm, Spinco&--'2-50 centrifuge, rotor no. SW50L) 
at  4~  for  24  h  in  5-ml cellulose nitrate tubes. 
After centrifugation the bands of material visible 
in the  gradient (Fig.  17  b  inset) were  withdrawn 
with a  "J"  needle and syringe and dialyzed over- 
night against M-N.  Negative staining of the two 
fractions  with  PTA  revealed  that  the  top  band 
was  composed  primarily  of  membrane  vesicles 
(Fig.  17  a)  with  a  few  mastigonemes (see  17  a 
inset) and  that  the  lower  more  dense  band was 
composed  of  mastigonemes (Fig.  17  c).  Uranyl 
acetate  negative staining of the  membrane frac- 
tion  (Fig.  17  c)  again  confirmed  the  ultrastruc- 
tural similarity of the membrane preparation ob- 
tained from  isolated flagella with the membranes 
found in gamone. When samples from the mem- 
brane-enriched  fraction  of  the  gradient  were 
tested for their isoagglutinating ability, they were 
shown  to  be  very active.  However,  the  mastigo- 
neme  fraction  was  not  active  in  causing  isoag- 
glutination when  comparable protein  concentra- 
tions were tested for isoagglutinating ability. 
VIII.  Electrophoretic A nalysis of Fractions 
from  the  CsCI Gradients 
The ultrastructural analysis (above) of the two 
gamone fractions, indicating that they were  com- 
W. J. SNELL  Mating  in Chlamydomonas. 1  63 FIGURE 16  SDS  polyacrylamide  gel  electrophoresis 
of (+) gametic (G+) and (+) vegetative (V+) gamones; 
the  gels are  stained for  protein  with Coomassie blue 
(cb) and  for  carbohydrate with PAS  (ps). Membrane 
protein (rob) and mastigoneme protein (ms), as well as 
many of the other unidentified Coomassie blue-staining 
bands, also stain with PAS, indicating the presence of 
carbohydrate on these proteins. In addition, there are 
high molecular weight PAS-positive bands near the top 
of the gels which stain very little with Coomassie blue. 
They probably represent large molecular weight polysac- 
charides.  Band U,  present only  on  the  (+)  gametic 
gamone (G+), and tubulin (tb) do not stain with PAS. 
posed of either membranes or mastigonemes, was 
corroborated  by  SDS  PAGE.  The  membrane 
fraction  (Fig.  18  MB)  of  (+)  gametic  gamone 
contained  primarily  band  rnb, the  major  mem- 
brane  protein,  while  the  mastigoneme  fraction 
(Fig.  18  MS)  contained band  ms,  the  mastigo- 
neme  protein.  In  addition  the  band  which  was 
observed to migrate between ms and mb in prep- 
arations  of  membranes  or  gamones  appeared 
with  the  mastigonemes.  ~  Both  fractions  of  (+) 
gametic  gamone contained a  significant amount 
of band U, the protein prominent only in unfrac- 
tionated (+) gametic gamone. Moreover, neither 
the  membrane  fraction  nor  the  mastigoneme 
fraction of (+) vegetative gamone (Fig.  18, VEG) 
contained band U. 
DISCUSSION 
In this report, methods have been described for the 
isolation and fractionation of gamone, the isoag- 
glutinating material released from the flagella of 
Chlamydomonas  gametes  into  the  culture  me- 
dium. Isolated flagellar membranes, gamone, and 
a  gamone-like  material  from  the  medium  of 
vegetative  cells  have  been  compared  by  use  of 
SDS  polyacrylamide  gel  electrophoresis,  nega- 
tive-stain  procedures,  and  with  a  qualitative 
agglutination  assay.  Negative-stain  and  freeze- 
cleave  procedures  were  used  to  examine  the 
flagellar surfaces of vegetative and gametic cells. 
Similarity of Flagellar Membranes 
and Gamone 
Ultrastructural and electrophoretic comparison 
of isolated flagellar membranes with gamone ob- 
tained from the culture medium of gametes sug- 
gested that the major constituents of gamone were 
identical to  flagellar  surface  components. When 
the gamone was observed by negative-stain proce- 
dures with the electron microscope, it was found to 
be  similar  to  the  isolated  flagellar  membrane 
preparation: both contained primarily membranes 
and mastigonemes. Perhaps of more importance, 
gamone  and  isolated  flagellar  membranes  had 
4  The relative amount of this unidentified  protein appear- 
ing between bands ms and mb varies from preparation to 
preparation. Since it appears with mastigonemes on the 
CsCI gradients, one possible function may be to attach 
mastigonemes to the membrane. 
64  THE JOURNAL OF CELL BIOLOGY - VOLUME 68,  1976 FIGURE  17  Fractionation of (+) gametic gamone into membrane and mastigoneme fractions by CsCI 
gradient  centrifugation (61).  (a)  PTA  negative  staining of the membrane fraction shows  it to  contain 
primarily  membrane  vesicles with  a  few  mastigonemes (see  footnote  3).  ￿  Inset:  some  of the 
membrane vesicles  have attached mastigonemes,  x  41,000.  (b) Uranyl acetate negative staining of the 
membrane fraction of the gamone shows that these membrane vesicles are indistinguishable from those of 
the isolated flagellar membrane preparation shown in Fig.  I 1 a.  x  28,000.  (c) Electron micrograpb of 
mastigoneme fraction from CsCI gradient negatively stained with PTA. Inset: CsCI gradient of (+) gametic 
gamone shows the membrane band (rnb) and the mastigoneme band (ms).  ￿  27,000. FIGURE 18  SDS  polyacrylamide  gels  of  the  mas- 
tigoneme  (MS) and  membrane  (MB)  fractions  of (+) 
gametic (GAM) and (+) vegetative (VEG) gamone from 
CsCI gradients. Both of the (+) gametic fractions contain 
a substantial  amount  of band  U, the protein  unique to 
(+) gametic gamone. The (+) vegetative fractions do not 
contain band U. 
similar patterns on  SDS polyacrylamide gels: the 
gamone  preparation was composed of those pro- 
teins  known  to  be  the  major  components  of 
purified membranes and mastigonemes. The elec- 
trophoretic results are the first direct evidence that 
gamone contains proteins and glycoproteins identi- 
cal to flagellar surface constituents. The similarity 
to  flageUar membranes was further  reinforced by 
the  experiments  which  showed  that  (+)  gametic 
flagellar membranes had  isoagglutinating activity 
similar to that of (+) gametic gamone. 
Although  it  is  possible  that  gamone  is  also 
similar  to  cell  body  membranes  as  well  as  to 
flagellar  membranes,  two  observations  suggest 
that  this  is  not  true:  (a)  gamone  contains  mas- 
tigonemes  attached  to  membrane  vesicles,  and 
mastigonemes have not been observed on cell body 
membranes,  (b) the  flagellum is the  only part of 
the cell involved in isoagglutination; the cell body 
membrane is never observed to be involved in this 
process. Since gamone is specifically adhesive, it is 
not  likely that  it  originates  from  a  nonadhesive 
part of the cell. 
A  Protein Unique  to (+) Gametic Gamone 
No ultrastructural differences between gamones 
from vegetative and gametic (+) cells (Figs. 12 and 
13) could be detected with uranyl acetate negative- 
staining  procedures.  However,  electrophoretic 
analysis revealed that  gametic gamone  from  (+) 
cells contained a  protein (band  U,  Fig.  15) which 
was not present in the vegetative material. More- 
over, neither gametic nor vegetative gamone from 
(-)  cells  contained  significant  amounts  of  this 
protein. This suggested that  band  U  protein may 
be  involved,  at  least  in  part,  in  the  adhesive 
properties of (+) gametic gamone. 
Because of the similarity between flagellar mem- 
branes  and  gamone,  it  was  expected  that  the 
membranes  purified  from  isolated  (+)  gametic 
flagella (section  IV)  would  also  contain  band  U 
protein.  However,  electrophoretic analysis of the 
(+) gametic flagellar membranes did not confirm 
this  prediction,  suggesting  that  band  U  is  not 
involved in adhesion.  In fact, rather than being a 
protein  related  to  adhesiveness,  band  U  may  be 
related  to  some  other  aspect  of  gametogenesis. 
Alternatively, band  U  may  be  an  artifact of the 
gamone  isolation  procedure,  e.g.,  a  proteolytic 
fragment  of  a  larger  protein.  A  more  complete 
understanding  of the  origin  of  band  U  protein 
and  of  its  possible role  in  adhesion  will  require 
further study. 
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and Nonadhesive Flagella 
Freeze-cleave  procedures  offered  a  means  of 
looking for ultrastructural differences in the inter- 
nal  portions  of (+)  vegetative  and  (+)  gametic 
flagellar  membranes.  The  results  showing  that 
there  may be a  greater particle density on the  B 
faces of the (+) gametic flagellar membranes than 
on  the  corresponding faces  of the (+) vegetative 
flagellar membranes are consistent with the adhe- 
siveness  of  the  gametic  flagella.  Freeze-cleave 
studies  by  Gregg  and  Nesom  (14)  on  the  slime 
mold Dictyostelium  discoideum  have shown that 
adenosine 3':5' cyclic monophosphate,  which  in- 
duces  aggregation  in these  cells,  also  induces an 
increase in intramembranous particle size.  While 
the findings presented here relate to particle den- 
sity,  both  results suggest  a  relationship between 
intramembranous particles and adhesiveness. Ad- 
ditional  studies  will  be  required  to  determine 
whether there is a functional relationship between 
intramembranous  particles  and  adhesiveness  in 
this system. 
Comparison  of the  flagella  of  vegetative  and 
gametic cells with uranyl acetate negative staining 
showed both to have similar flagellar membranes, 
flagellar sheaths, and a similar number and distri- 
bution of mastigonemes. Evidently, the changes in 
the flagellar surface are too subtle to be revealed 
by such procedures. This similarity between vege- 
tative and gametic flagella when negatively stained 
with uranyl acetate conflicts with earlier reports by 
McLean  (27)  that  negative  staining  with  PTA 
revealed particles near the distal ends of gametic 
but  not  vegetative  flagella.  On  occasion  it  was 
observed  in  the  studies  reported  here  that  PTA 
treatment of longer than 5- I0 s caused vesiculation 
of the membranes of both vegetative and gametic 
flagella, giving the  impression that  these  flagella 
had  particles aligned on their surfaces. Cunning- 
ham et al. (8) have reported similar PTA-induced 
artifacts in studies with isolated golgi membranes. 
However,  McLean  et  al.  (28)  have  since  con- 
firmed  the  initial report  (50)  of the  studies pre- 
sented  here  that  no  surface  differences  between 
vegetative  and  gametic  flagella  are  revealed  by 
negative  staining  with  either  PTA  or  uranyl 
acetate  under conditions that  maintain the integ- 
rity of the flagellar membrane. 
Fractionation of Gamone 
Electrophoretic  analysis  of  gamone  fractions 
from CsCI gradients revealed that both the mere- 
brahe  and the  mastigoneme fractions of (+) ga- 
metic gamone contained band U  protein (Fig.  18 
GAM).  If band U  is related to adhesiveness, this 
would  suggest  that  both  fractions  should  have 
isoagglutinating ability. Yet,  only the  membrane 
fraction  caused  isoagglutination;  the  mas- 
tigonemes were  inactive. An agglutination assay, 
however,  cannot  rule  out  the  possible  role  of 
mastigonemes  in  adhesion  if  mastigonemes  are 
univalent and  bind  to  flagella  without  causing 
isoagglutination. Structures with only one availa- 
ble  binding site  might  be detected  through  their 
ability to  inhibit agglutination, but  since an  ag- 
glutination assay  only  measures  the  number of 
cells  interacting and  not  the  number of binding 
sites  interacting,  such  an  assay  might  not  be 
sensitive enough to detect univalent structures. In 
the  following  report  (48)  a  radioactive  assay  is 
described  for  measuring  the  binding  ability  of 
gametic  flagella  to  flagellated  gametes  of  the 
opposite mating type. Eventually, by use of such a 
binding assay,  it  should  be  possible  to  directly 
determine which of the flagellar surface structures 
are capable of specifically binding to gametes of 
the opposite mating type. 
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